Objective: The objective of this study was to analyse our initial experience using an interdisciplinary angio suite approach to neurosurgical treatment of complex neurovascular lesions and expound technical feasibility and possible applications. Subjects: Six out of 451 patients with cranial or spinal neurovascular lesions were surgically treated in the angio suite (biplane angiographic system) during a 28-month observation period. Clinical baseline data, radiological and intraoperative findings as well as clinical and radiological outcome were assessed. Results: A ventral spinal perimedullary arteriovenous malformation, a ventral spinal perimedullary fistula, two diffuse frontal dural arteriovenous fistulas, a multifocal temporal arteriovenous malformation and a partially embolized fronto-temporo-basal dural arteriovenous fistula were successfully treated with angiographically confirmed complete occlusion and unimpaired neurological condition of the patients at the 12-month follow up. Conclusion: This study demonstrates the feasibility of this approach and points out possible indications, namely ventrally located spinal lesions and diffuse, deep seated cranial lesions.
Introduction
Digital subtraction angiography (DSA) with three-dimensional reconstruction is still regarded as the gold standard in evaluation and post-treatment control of most cerebral or spinal vascular lesions [Enzmann et al. 1983; Takahashi et al. 1984] . The majority of neurovascular centres are equipped with workstations set up for diagnostic examinations or endovascular treatment procedures, being not available in the operating room (OR) [Schaller et al. 2011] . The oftentimes crucial intraoperative visualization of normal vasculature and the vascular pathology is therefore based on the well-established indocyanine-green angiography (ICG) [Raabe et al. 2003; Snyder and Spetzler, 2011] . However, this technique is limited, providing only information about surgically exposed vascular structures.
Since its first description in the 1960s [Smith, 1977] , several studies have reported the value of intraoperative angiography (IOA) in neurosurgery using portable, OR-integrated, ceiling-mounted or robotic-arm-attached hardware [Barrow et al. 1992; Benes et al. 2003; Grams et al. 2011; Murayama et al. 2011; Vitaz et al. 1999] . To date, IOA is most commonly performed using portable fluoroscopic equipment. Although technically improved and meanwhile offering all features of conventional angiography including three-dimensional rotational angiography [Dehdashti et al. 2009 ], the routine application of IOA in neurosurgical procedures, however, has not yet prevailed. On the one hand this is due to the expensive, resource-demanding technical requirements [Kpodonu, 2010] . On the other hand, a systematic superiority in using IOA compared with the Treatment of complex neurovascular lesions: an interdisciplinary angio suite approach established standard procedures, although being claimed for cerebral aneurysm surgery , has not been proven so far. Nevertheless, evidence from single series [Barrow et al. 1992; Martin et al. 1990; Raabe et al. 2006; Vitaz et al. 1999; Yanaka et al. 2003 ] and our own experience suggest that in some cases of neurovascular lesions, IOA can be regarded as helpful or, moreover, an absolute requirement for a successful surgical treatment. In such cases, we decide to perform surgery using a 'tailored' angio suite solution in our institution. The principle set up of this 'on-demand angio suite' as well as indications, technical challenges and outcome of the treated patients during a 28-month period in our centre are presented in this study.
Subjects and methods

Subjects
All patients admitted to our department for neurosurgical, interventional or combined treatment of neurovascular lesions between September 2008 and December 2010 were retrospectively analysed. Neurovascular lesions were classified and basic clinical patient data assessed (Table 1) . Those patients subjected to angio suite treatment were further analysed regarding indications, technical challenges and clinical and radiological outcome 12 months after treatment.
Angio suite set up
The angio suite is equipped with a laminar upward air flow system allowing open surgical procedures. A flat panel detector biplane angiographic system (Allura Xper FD20/10, Philips Healthcare, Best, the Netherlands) is installed consisting of a floor-mounted C-arm providing posterior anterior (p.a) projections and excellent patient accessibility to the head. A ceiling mounted C-arm, which can be independently manoeuvred to provide additional lateral projections, can be withdrawn from the patient when not required or during acquisition of rotational angiograms.
The angiography table allows fixation of the head using a radiolucent Mayfield © clamp (Integra, Cincinnati, OH, USA) and positioning in any surgically appropriate position. Multiple display monitors offer the surgeon and the interventional team access to all previous acquired diagnostics of other imaging modalities via the integrated hospital picture archiving network (PACS, Centricity, General Electric, Fairfield, Connecticut, USA). For hybrid neurointerventional and neurosurgical procedures, the angio suite was additionally equipped with an operating microscope capable of ICG (OPMI Pentero, Zeiss, Oberkochen, Germany), a neuronavigation system (Brainlab, Feldkirchen, Germany) and an ultrasound microdoppler system (Aloka Medical, Tokyo, Japan).
Hybrid suite workflow
In our set up, switching between surgery and IOA was possible without turning the patient table or changing the patients' position, thus, easily allowing intermittent angiographic controls ( Figure 1 ). The operative set up allowed an optimal approach to the cranial or spinal situs while access to perform angiographic series was maintained.
Under general anaesthesia angiography was performed via the routine femoral approach in prone position to place the catheter and illustrate the pathology. After that, the catheter was fixed and the patient positioned for surgery. Details on patient positioning in spinal surgery have been published previously [Grams et al. 2011] . In cranial surgery a radiolucent carbon head clamp was used ( Figure 1 ). Baseline angiography was performed with different routine and individual projections and correlated with the data for neuronavigation. The ceilingmounted C-arm was retracted from the patient allowing optimal neurosurgical approach. The capability to perform immediate monoplane control angiographies was maintained throughout the entire procedure, whereas three-dimensional rotational angiography was provided on demand. The following neurosurgical procedures were performed in the common manner. In deep-seated cranial lesions the optimal entry point was determined by neuronavigation and additionally correlated with real-time intraoperative tissue surface marking using a small metal clamp whenever necessary as illustrated in Figures 2, 3 and 4. Intraoperative and postoperative angiography were performed in all cases to confirm complete elimination of the neurovascular lesion before wound closure.
Results
Subjects
During the 28-month study period a total of 451 patients with neurovascular lesions [321 patients with 492 intracranial aneurysms (IAs) [Mueller et al. 2011] , 88 arteriovenous malformations (AVMs) and 42 dural arteriovenous fistulas (dAVFs)] were admitted to our department during the observation period. Clinical and radiological details can be found in Table 1 . Six out of these 451 patients (~1.3%) with neurovascular lesions underwent treatment in the angio suite during the observation period: three patients with four AVMs and three patients with three dAVFs.
Indications for hybrid treatment
Each case was routinely discussed in the interdisciplinary neurovascular conference including experienced neurosurgeons and interventionalists. Indication for combined treatment in a hybrid suite with repetitive IOA procedures was based on preoperative neuroimaging and included only cases that were regarded to be at increased risk for incomplete treatment or difficult to localize during surgery. Rather diffuse, noncompact AVMs and dAVFs were selected for angio suite treatment.
In the following cases angio suite treatment was unanimously decided. (a) Paraparesis due to a mixed pial and intramedullary AVM at level Th 9/10 with small collateral feeders from Th9 and Th10 segmental artery forming a mainly ventrally located nidus. Interventional approach was not possible due to dissection in the feeding segmental Figure 2D ), however, located the arteriovenous (AV) shunt more caudally (C) where it could be approached (white arrow (D)) and occluded. (Figures 2 and 3) . For details see Table 2 . 
Outcome
In all six patients complete occlusion of the neurovascular lesions was confirmed before wound closure in the angio suite set up and in follow-up examination using conventional biplane angiography 12 months after treatment. Overall, Glasgow Outcome Score (GOS) was excellent (GOS=5) in all patients at the 12-month follow up.
Discussion
Indications for AVMs and dAVFs
The impact of IOA findings on treatment procedures for AVMs has been reported in isolated series. In the series from Barrow and colleagues surgery was altered in seven out of 39 cerebral (18%) and two out of three spinal (67%) AVMs [Barrow et al. 1992 ]. Yanaka and colleagues reported alteration of surgery in one out of 20 (5%) cerebral AVMs [Yanaka et al. 2003 ], Martin and colleagues reported alteration of surgery in five out of 50 (10%) cerebral AVMs [Martin et al. 1990 ] and Vitaz and colleagues reported alteration of surgery in 28 out of 98 (29%) cerebral AVMs [Vitaz et al. 1999 ]. Chalouhi and colleagues reported that IOA revealed residual nidus, respective fistula, in eight out of 97 (8.2%) cerebral AVMs and three out of 18 (18.8%) cerebral dAVFs [Chalouhi et al. 2012 ]. In all of these studies IOA was performed with portable fluoroscopic equipment, providing single plane images only. A recent study of Dehdashti and colleagues reported treatment of six AVMs using biplanar rotational IOA. Unfortunately, authors did not comment on potential alteration of surgery [Dehdashti et al. 2009 ].
In all above-named studies IOA was routinely performed in all reported cases. Specific indications for IOA in the treatment of different variants of cerebral or spinal AVMs or dAVFs have therefore not been discussed.
In this study the use of IOA was considered as indicated in the minority of cases, namely in three out of 88 (3%) AVMs and four out of 42 (10%) dAVFs .
In cerebral lesions two main indications for IOA can be assessed: diffuse lesions with multiple deepseated feeders (cases (b), (c) and (d)) and small deep-seated lesions located in eloquent regions (case (e)). In both cases, IOA was used to locate and approach the lesions causing minimal tissue manipulation. In addition, in two cases preoperative angiography revealed 'de novo' shunting during prior partial embolization (cases (c) and (d)). In these cases, such newly recruited feeders might be missed during surgery without IOA control.
In spinal lesions, IOA can be foremost helpful to differ pathological from normal perimedullary or intramedullary vascular structures, especially in ventrally located lesions which are difficult to approach and cannot be displayed by ICG (cases (a) and (f)). Biplane angiography allows threedimensional visualization of feeders without manipulation or dissection of spinal cord tissue which is often necessary when using ICG angiography or microvessel Doppler control. Barrow and colleagues already reported that dissection and exposition of vessels in these spinal AVM is limited, which may lead to nonidentification of feeders and higher rates of residual lesions [Barrow et al. 1992] . Dorsally located perimedullary AVMs and dural AVMs arising from the radicular artery with the AV shunt located near the root entry zone are naturally much easier to access, visualize and completely occlude. The radiological key features of the cases in which treatment in the angio suite was performed are summarized in Figure 6 .
Indications for IAs
None of the IAs that underwent occlusion in our centre was subjected to angio suite treatment. This is remarkable as several studies reported clip placement revisions in aneurysm surgery due to IOA findings in up to 27% of cases, preventing incomplete securing or parent vessel occlusion [Tang et al. 2002; Vitaz et al. 1999 ]. As 5-7.3% of surgically treated IA are unexpectedly incompletely occluded [Kivisaari et al. 2004 ] and parent vessel occlusion occurs in 3-9% of cases Kumar and Friedman, 2009; Tang et al. 2002] , systematic IOA is expected to decrease these numbers. One group found an IA size exceeding 15 mm in maximum diameter independent predictor for clip revision, respective necessity of IOA [Tang et al. 2002] . The nonuse of this tool as a routine procedure in treatment of IA in our centre is presumably based on wellestablished neurovascular treatment procedures and individual experience of surgeons and interventionalists. In our opinion, ICG angiography allows the surgeon to control the patency of the parent vessels and branches arising from the lesion. Small perforator vessels, which are foremost at risk of obliteration, however, can usually not be controlled by imaging at all, neither by ICG angiography nor by IOA.
Angiography-related complications
In general, IOA-related complications have been reported to be very low, not exceeding 3% in larger series ]. In our small series occlusion of a segment artery and the radiculo-medullary branch occurred. We attribute that to the long intra-arterial placement of the catheter, probably causing thrombosis. On the other hand, the observed vessel occlusion might rather have occurred consecutively to dAVF occlusion. Expectedly, due to sufficient collateral blood supply at level Th11, no correlated acute or delayed neurologic deficit occurred. Long-term placement of catheters in segment arteries with known limited collateralization though, such as in upper thoracic level, should be avoided.
Financial matters
Acquisition of a new hybrid operating room is a major investment for hospital owners. Costs are estimated between US$1.2 million and US$5.0 million, and beyond, for imaging systems solely, depending on brand and specifications. In addition, high-tech ORs, suitable for hybrid procedures, cost approximately double the investment and maintenance of conventional ORs [Kpodonu, 2010] . In comparison, for 'on-demand' hybrid procedures in our institution we put the additional costs at roughly €1000 per procedure. Figure 6 . The key features of the neurovascular lesions that were considered for angio suite treatment in this series.
Summary
In neurovascular centres where IOA is not performed routinely, IOA can be performed on demand using a 'tailored' angio suite solution. This is an alternative to pre-installed hybrid operating rooms. In this study, we present six cases of a large series of neurovascular lesions that were preselected for angio suite treatment during a 28-month period.
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